Background: This review considers anew the etiology of the cardio-renal protective effect of sodium-glucose cotransporter 2 (SGLT2) inhibitors by extending the discussion to renal congestion, inherent in diabetic kidney disease (DKD) even at an early stage of nephropathy in which heart failure (HF) or salt and water accumulation is asymptomatic. Summary: The interstitial fluid (IF) space of the kidney space plays a crucial role for tubulointerstitial inflammation, renal hypoxia, and ischemic injury, which often leads to renal progression. In DKD, as a result of hyperglycemic milieu, excessive salt and water can be accumulated in the IF space, creating renal congestion. I hypothesize that SGLT2 inhibitors cause a shift in extracellular water from the IF space to the intravascular space to compensate for the SGLT2 inhibitor-induced hypovolemia. This decrease in IF volume ameliorates the IF space milieu and may reduce inflammation, hypoxia, and ischemic injury. Message: The present review proposes a novel theory; unlike other hypoglycemic agents or diuretics, SGLT2 inhibitor could protect DKD from failing by improving latent renal congestion even without symptomatic HF.
Introduction
The EMPA-REG OUTCOME trial, the CANVAS Program, and the DECLAIRE-TIMI 58 have demonstrated that treatment with empagliflozin, canagliflozin, and dapagliflozin reduced hospitalization for heart failure (HF) and cardiovascular (CV) risks [1] [2] [3] . Both agents decreased albuminuria and retarded the progressive decline in renal function accompanied by an initial transient drop in the estimated glomerular filtration rate (eGFR) [4, 5] . They achieved composite outcome of a reduction in the eGFR and reduced the need for renalreplacement therapy and death from renal causes. The recently published CREDENCE trial recruiting patients with mild to moderate diabetic kidney disease (DKD) also confirmed that canagliflozin ameliorates renal prognosis even in individuals whose renal function decline in the neighboring of eGFR 30 to < 45 mL/min/1.73 m 2 [6] . Influenced by these clinical trials, the effects of sodium-glucose cotransporter 2 (SGLT2) inhibitors on renal function have been widely studied in recent reviews [7] [8] [9] [10] . Table 1 depicts the proposed cardio-renal protective mechanisms, most of them have obtained consensus. Of particular interest is that empagliflozin switches myocardial fuel utilization away from glucose toward ketone bodies, free fatty acid, and branched chain amino acid, thereby improving myocardial energetics, enhancing LV systolic function, and ameliorating adverse LV remodeling [11] . Despite their multifaceted discussion, there remain some unsolved mechanisms of renal benefits with SGLT2 inhibitors, which could better explain its cardio-renal protection.
Evidence of Cardio-Renal Protection with SGLT2 Inhibitors
There are many concomitant complications in diabetes mellitus (DM), including diabetic macro-, and micro-angiopathy of the kidney, hypertension, dyslipidemia, hyperuricemia, and obesity; all of these, if coexisting, accelerate decline in renal function. The pathophysiology of DKD has been explained by an increased activity of local renin-angiotensin-aldosterone system, sympathetic nerve hyperactivity, and the modulation of tubulo-glomerular feedback in an association with glomerular hyperfiltration [12, 13] . For all events, the intrinsic characteristic in DKD is salt and water retention, an overhydrated condition. Indeed, excessive salt and water constantly creates a vicious cycle, worsening kidney function in a step-by-step manner [14, 15] .
Congestion is a state of stagnant blood circulation in either capillaries or venous beds of the interstitial tissue. Severe to moderate congestion occurs as a clinical manifestation of circulatory failure, HF. Systemic congestive conditions such as severe edema, pulmonary, liver and renal congestion retain excessive Na and water in the interstitial fluid (IF) space, which eventually leads to a decline in renal function. Of note is that DKD is associated with a latent overhydrated state even long before progressing into end-stage renal failure and/or symptomatic HF.
In general, congestion can be treated with diuretics. Indeed, diuretic agents are, acutely or transiently, effective for any type of congestion; HF, pulmonary edema, liver congestion, abdominal congestion, and renal congestion. However, none of the diuretics are continually effective in improving a patient's prognosis. The diuretic effects of SGLT2 inhibitors seem unlikely to explain the benefits of this drug family because greater decreases in intravascular volume and net sodium balance are obtained by loop diuretics or thiazide, but these diuretic drugs do not reduce CV death and their effect of HF hospitalizations is much more modest [16] . Thus, the beneficial cardio-renal results observed in the aforementioned 4 large-scaled trials would suggest that SGLT2 inhibitors acted on the kidney differently from the conventional diuretics [1] [2] [3] 6] . The renal protective effects elicited by SGLT2 inhibitors are originated from the dual excretory mechanisms of SGLT2 inhibitors: natriuresis and glycosuria. This unique pharmacological property may contribute to the improvement of renal interstitial congestion.
The structure of IF space has been clarified as a primary source of lymph and fluid compartment in the body. It is, basically, fluid-filled interstitial space and the presence of fluid has important implications for the physiological function of tissue as well as pathophysiological disorders such as hypertension and malignant tumors [17] . Increased Na concentration in the IF space of skin tissue, known as subcutaneous edema, has also become a center of attention because of its unique well-organized regulatory system [18] . A high concentration of salt is stored under the skin, stimulated by the lymphatic vascular endothelial growth factor mediated by macrophage mobilization. This system is regarded as a sort of buffering system of blood pressure that regulates the level of blood pressure at the time when excessive salt burden in hypervolemia and/or congestive HF becomes apparent.
Analogous to other organ tissues, the renal interstitial tissue and the IF space plays a crucial role not only being an anatomical supporting tissue of vasculature and tubules, but also being a responsible lesion for tubulointerstitial inflammation, renal hypoxia, and/or ischemic injury. Renal interstitial fibrosis and tubular atrophy, involved in renal anemia and inflammation, is a final common feature that contributes to the progression of CKD [19] [20] [21] . In addition to CKD, the role of glomerular hemodynamics and tubulointerstitial fibrosis is also very crucial in DKD [10, 12, 13] . These findings imply that perturbations to exacerbate interstitial milieu at the time of congestion or overhydration of IF space triggers the impairment of kidney function.
The pathophysiological importance of renal congestion and subsequent impaired renal function is a fairly new clinical concept [22] . Recent research clearly discloses that renal congestion is closely associated with decline in renal function. The reasons why congestion leads to renal damage are multifactorial and have not always been clearly understood. However, it is speculated that such mechanisms include attenuation of trans-glomerular pressure gradient, rise in renal interstitial pressure, local hypoxia, compression of the tubules, and increased luminal pressure, which are coexisting with the malfunction of tubulo-glomerular feedback, acti- vation of the renin-angiotensin-aldosterone system, sympathetic nerve, and inflammatory mediators [23] [24] [25] [26] . Increased central venous pressure and jugular venous pressure are also associated with impaired renal function [27, 28] . The relationship between severe venous congestion and renal injury is complex [29] . The pathophysiology of renal injury in acute or chronic decompensated HF in DM is depicted in Figure 1 in which multiple factors are dependently and/or independently involved. It has been known that renal blood flow is preserved until cardiac index falls below 1.5 L/min/m 2 . In many patients, it is venous congestion rather than arterial underfilling that is associated with decreased renal blood flow and worsening of renal function [30] .
The determinants of osmotic driving force across the different body spaces consist of the sum of serum Na, plasma glucose and urea-nitrogen concentration. The crystalloid osmolarity pressure (OP) is calculated; OP = 2 × (serum Na) + (plasma glucose) + urea-nitrogen/2.8. In a diabetic state, either absolute or relative deficiency of insulin produces hyperglycemia, which increases OP in both IF and intravascular space. With an inability of glucose to appropriately enter intracellular space, increased OP in the IF space stimulates the accumulation of excessive salt and water in the IF space. Figure 2 simulates such a shifting of salt and water across the 3-compartments model, intracellular, IF and intravascular spaces in patients with DM. Of note is that increased renal venous pressure also exaggerates IF congestion, accumulating more salt and water in the IF space. The vicious cycle of increase in salt, water, and glucose in the IF space milieu is specific in diabetic nephropathy and concurrent diabetic HF. Renal congestion in diabetic kidney. Note that excessive overhydration and/or HF can result in a decline in renal function through renal congestion that could be brought about by hemodynamic, humoral and SN factors as well as other co-factors. CO, Cardiac output; HF, heart failure; RAAS, Renin angiotensin aldosterone system; SN, sympathetic nerve; GFR, glomerular filtration rate; IF, interstitial fluid; HT, hypertension; UA, uric acid; NSAID, nonsteroidal anti-inflammatory drug. Importantly, even without HF, DM has multiple innate high risk conditions that cause unfavorable physiological complications of the kidney.
From the diagnostic viewpoint, unlike pulmonary congestion and liver congestion that can be detected relatively easily by either ultrasonographical or radiographical examinations, there is no accurate method to assess renal congestion. A recent trial showed that the use of Doppler ultrasonography technique renders it capable of visualizing intrarenal hemodynamic changes [31] . There may be some additional surrogates to find renal congestion such as eGFR, BNP, NT-pro-BNP, and renal emerging marker such as kidney injury molecule 1, neutrophil gelatinase-associated lipocalin and/or cystatin C [26, 32] . However, unfortunately, none of them have been proven to be specific for renal congestion. In a daily clinical practice, it is difficult to evaluate renal congestion except for BW reduction or increase in hematocrit in response to SGLT2 inhibitor therapy.
Effect of SGLT2 Inhibitors on Renal Interstitial Congestion
The new therapeutic strategies for DKD have been updated and summarized in a recent review, in which SGLT2 inhibitors, GLP-1 analogs, DPP-4 inhibitors, thiazolidinedione, and mineralocorticoid antagonists are options for treating DKD [33] . Among these multiple candidates, SGLT2 inhibitors, supported firmly by the aforementioned 4 major large-scale clinical studies, are regarded as the most practical and promising cardio-renal protectors.
An appropriate removal of excessive salt and water by using drugs or other therapeutic intervention is crucial in HF. The use of various diuretics such as furosemide and bumetanide, and judicious use of ACE-I or ARB, mineralocorticoid antagonists, beta-blockers, sacubitril [34] , and in the case of diuretic-resistance, extracorporeal ultrafiltration method and dialysis could be options. SGLT2 inhibitors may be on the list in the management of cardio-renal syndrome in the future because of their unique volume regulatory mechanism, which is basically different from that of the other diuretics. SGLT2 inhibition reduces both glucose and Na reabsorption in the proximal tubule. It also stimulates an osmotic diuresis effect in the distal tubule. With SGLT2 inhibitor, un-reabsorbed glucose flows into the distal nephron segment and as water is successively reabsorbed along the nephron, glucose concentration and tubular fluid osmolarity is increased, reducing the osmotic gradient between the tubular fluid and interstitial tissue. In this regard, the osmotic diuresis with SGLT2 inhibitors is basically different from that with other diuretics. Lee et al. [35] showed that approximately 15-35% of total BW reduction is attributable to extracellular water (ECW) reduction. A part of this change may reflect the improvement of renal congestion in DKD. It should be emphasized that SGLT2 inhibitors antagonize Na-H exchanger of the kidney, enhancing natriuresis independently of the glycosuria effect; hence, the natriuretic effect will also be found in nondiabetic patients with lower glycosuria [36, 37] .
Hallow et al. [38] hypothesized a differential regulatory mechanism of SGLT2 inhibitors. This idea is based on an assumption that osmotic diuresis induced by SGLT2 inhibitors is a distinctly different property from that of other diuretic classes. They compared blood and IF volume in response to 2 diuretic agents, dapagliflozin and bumetanide, and found that dapagliflozin produces twofold greater reduction in IF volume compared to blood volume, while the reduction in IF volume with bumetanide is only 78% of the reduction in blood volume, suggesting that SGLT2 inhibitors reduce IF volume to a greater extent than blood volume, and that SGLT2 inhibitors may provide better control of congestion without reducing effective circulation volume. This hypothetical idea was also in agreement with their clinical observations [39] . The specific pharmacological action of SGLT2 inhibitor's leads to greater electrolyte-free water clearance and results in greater fluid clearance from the IF space than from the intravascular space, potentially acting as a congestion reliever. It is also beneficial that Kuriyama: SGLT2 Inhibitors on Renal Congestion www.karger.com/kbr SGLT2 inhibitors have minimal impact on blood volume, arterial filling, and organ perfusion. There is no question that this difference in volume regulation by the clinical experiment using dapagliflozin and bumetanide in healthy subject can safely be extrapolated to DKD.
Of interest is that Hirose et al. [40] using body composition analyzer in diabetics, found that a daily dose of 20 mg tofogliflozin for 8 weeks decreased total body water, ECW, and intracellular water and total body water, with an increase in hematocrit. This study strongly supports the idea that the SGLT2 inhibitor causes a shift in ECW from the IF space to the intravascular space to compensate for the SGLT2 inhibitor-induced hypovolemia and the alteration of the compartment ratio in ECW between IF space and intravascular space, again suggesting the benefit of SGLT2 inhibitors in reducing salt and water in the IF space. SGLT2 inhibitors lower osmotic pressure of the IF space, and at the same time removes glucose and salt through the kidney (Fig. 2) . This sequential attenuating movement of Na and water in the IF space could help interstitial tissue recover from insulting factors such as inflammation, hypoxia and/or ischemia. Interestingly, an exploratory analysis from the EMPA-REG OUTCOME trial shows that changes in markers of plasma volume were the most important mediators of the reduction in risk of CV death with empagliflozin versus placebo [41] . Using indocyanine green indicator dilution method, Sha et al. [42] observed that canagliflozin provided a transient but substantial reduction in plasma volume. The decrease in plasma volume at week 1 was largely attenuated by week 12 despite a sustained increase in urinary glucose excretion over the 12 weeks of treatment, which can be explained by my hypothesis that SGLT2 inhibitors reduce IF volume.
From the therapeutic viewpoint, although experimental, Zhang et al. [43] has shown that luseogliflozin suppressed development of renal fibrosis and the prevention of peritubular capillary congestion/hemorrhage, increased vascular endothelial growth factor-A expression, and suppressed hypoxia in renal fibrosis animal model after renal ischemia/reperfusion injury. In addition, O'Neill et al. [44] demonstrated that SGLT2 inhibition with phlorizin in the streptozotocin-induced diabetic rats indeed mitigates interstitial hypoxia in the renal cortex. These basic studies are supportive of my current hypothesis that SGLT2 inhibitors serve as renal congestion remedies. All in all, it is conceivable that SGLT2 inhibitors improve glomerulopathy as well as tubulopathy and vasculopathy in DKD. In the not so distant future, treatment indication of SGLT2 inhibitors may expand not only to DKD but also to nondiabetic individuals with congestive disorders, CKD, and/or HF [45] . In fact, there is an ongoing clinical trial, the EMPA-TROPISM, studying the cardiac effects of empagliflozin for HF with reduced ejection fraction specifically in nondiabetic patients [46] .
Taking all of the abovementioned evidence into consideration, a hypothesis of SGLT2 inhibitors being a renal congestion remedy appears to be very likely.
In summary, the present review will gain a new insight into the treatment of DM with SGLT2 inhibitors, in which renal congestion may be a risk for future progression. Unlike other hypoglycemic agents, the use of SGLT2 inhibitors for diabetic patients can be an appropriate way to provide a better milieu in the IF space of the kidney in DKD. However, solid clinical supporting studies must be performed in the near future.
Conclusion
SGLT2 inhibitors attenuate renal congestion by diminishing excessive salt and water from the IF space of the kidney, providing a better milieu for the renal interstitial tissue to recover. Thus, SGLT2 inhibitors can be a potential promising "Renal Congestion Remedy" to protect the kidney from failing in diabetics.
